INTRODUCTION
The family Adenoviridae comprises double-stranded DNA viruses that include human species A to G, within the genus Mastadenovirus. To date, more than 100 human adenoviruses and more than 200 adenoviruses derived from non-human primates (NHPs) have been identified, the latter of which largely cluster phylogenetically with human adenoviral (Ad) species. [1] [2] [3] [4] In the past decade, non-replicating Ad vectors have shown significant promise as vaccine delivery vehicles. 5 Ads have an excellent safety profile following intramuscular (i.m.), 6, 7 , intranasal (i.n.), 8 or oral 9,10 delivery in healthy adults, infants, 11 and neonates, 12, 13 the elderly, 7 and the immunocompro-mised. 14 Ad genomes are easy to manipulate and they display desirable vaccine manufacturing attributes, with an estimated production time from selection to formulation and product filling of 11-13 weeks. 15 In addition, procedures for clinical development such as regulatory guidance release testing for Ad vectors (e.g., vaccine potency, vector stability) already exist for the US Food and Drug Administration (FDA) and European Medicines Agency (EMA). Furthermore, Ad vaccine formulations maintain stability over time and are thermostable with minimal losses to immunogenicity under cold-chain free conditions. 16, 17 Collectively, these characteristics highlight the suitability of Ad vaccines for stockpiling, rapid response, and global preparedness efforts against influenza virus 5, 16, 17 and other emerging pathogens.
Ad vaccines are known to elicit robust and sustained frequencies of antigen (Ag)-specific CD8 + T cell responses toward encoded transgene Ag in animal models. [18] [19] [20] As a result, vaccines based on Ad vectors have been evaluated in clinical trials for infectious diseases, including influenza, 6, 7 respiratory syncytial virus (RSV), 8 hepatitis C virus (HCV), 21 and human immunodeficiency virus (HIV). 22 Although human adenovirus serotype 5 (Ad5) is widely considered to be the most immunogenic Ad vector, high seroprevalence from natural infection may limit vaccine efficacy in humans. 23, 24 As a result, investigators have moved toward the development and evaluation of rare species human Ad vectors or those derived from NHPs. The use of rare species or non-human Ads, as well as fiber-pseudotyped or hexon chimeric Ad vectors, can circumvent pre-existing immunity to Ad5. [23] [24] [25] [26] [27] [28] Although selected rare or non-human vectors display comparable immunogenicity to Ad5, [28] [29] [30] a large proportion of alternative Ad vectors have substantially reduced immunogenicity, 24, 30 when compared to Ad5. 28 Therefore, efforts to optimize Figure 1 . In Vitro Confirmation of Exosome Display Targeting of Model Ag to Exosomes (A) Schematic diagram showing expression plasmid design. Enhanced green fluorescent protein (EGFP) was engineered into pcDNA3.1SSmut_C1C2 to generate pcDNA3.1SSmut-EGFP_C1C2 (EGFP_C1C2) or pcDNA3.1SSmut-EGFPD (EGFPD), respectively. (B and C) Following transfection of Expi293F cells with EGFPD (B) or EGFP_C1C2 (C), exosomes were purified by ultracentrifugation (100,000 Â g) and size exclusion chromatography (SEC). ELISAs using 20 mL of each SEC fraction confirmed enrichment of exosome markers, tetraspanins CD9, CD63, and CD81 on expected fractions (exosomes are [8] [9] [10] [11] [12] [13] for EGFPD and EGFP_C1C2, and EGFP on the surface of and increase the inherent immunogenicity of Ad vectors, which have otherwise desirable characteristics (i.e., high titer growth), will be important in enabling cost-effective production and dose-sparing usage of commercially manufactured Ad vaccines.
A chimpanzee Ad vector, ChAdOx1, expressing highly conserved internal influenza Ags (nucleoprotein [NP] and matrix protein-1 [M1]) has undergone phase I clinical evaluation in humans as a universal influenza virus vaccine candidate, aimed at boosting Ag-specific cytotoxic T-lymphocyte (CTL) responses. 6, 7 In agreement with the known capability of Ad vaccines to induce excellent CD8 + T cell responses, ChAdOx1-NP+M1 has been found to elicit robust CD8 + T cells in healthy adults and older adults. 6, 7 However, induction of Ag-specific antibody (Ab) responses following ChAdOx1 vaccination in mice is impaired when compared with Ad5. 1, 31 Therefore, in this study, we used a molecular adjuvant approach called "exosome display" to improve the immunogenicity of Ag delivered by ChAdOx1. 32 Exosomes are extracellular vesicles (EVs) released by almost all cells, which play critical roles in cell-to-cell communication and in the regulation of immune responses. [33] [34] [35] In 1996, it was discovered that exosomes could present Ag to T cells and thereby modulate immune responses. 36 As such, there is potential for manipulating their communications with the immune system to improve vaccine responses. Exosome display is the directed targeting of Ags to exosomes, 37 achieved by fusion of Ag to a protein domain enriched on exosomes, such as the C1C2 domain from lactadherin. 38, 39 In animals, exosome display has been shown to increase Ab responses to cancer vaccine Ags $100to 500-fold. 40, 41 Therefore, we reasoned that this approach could be exploited to increase the immunogenicity of Ag delivered by ChAdOx1 (referred to as ChAd throughout the figures), so that it exhibits a more robust immunogenic profile. Using enhanced green fluorescent protein (EGFP) as a model Ag, we employed this molecular adjuvant approach to tether EGFP_C1C2 fusion protein to the surface of host-derived EVs, including exosomes, comparing the immunogenicity of ChAdOx1 to Ad5 following i.m. and i.n. administration in mice.
RESULTS

Fusion of EGFP to the C1C2 Domain of Lactadherin by Exosome Display Successfully Targets Ag to the Surface of EVs/ Exosomes In Vitro
Prior to engineering Ad vector genomes expressing EV-targeted Ag expression cassettes, we wanted to demonstrate in vitro proof of concept for the molecular adjuvant approach using Ag fusion to the exosome-enriched C1C2 domain of lactadherin. We selected monomeric EGFP as a model Ag and generated C1C2-fusion and matched expression plasmids without C1C2 (EGFPD), on a pcDNA3.1 backbone ( Figure 1A ). pcDNA3.1-EGFP_C1C2 or nontargeted pcDNA3.1-EGFPD was transfected into Expi293F suspension cells, equivalent EGFP expression was confirmed by western blot ( Figure S1A ) and EGFP fluorescence-activated cell sorting (FACS) (Table S1), and exosomes were purified from the supernatant (SN) by ultracentrifugation (UC) at 100,000 Â g, followed by a commercial size-exclusion chromatography (SEC) approach, validated for purification of exosomes. 42 Tetraspanins such as CD9, CD63, and CD81 are enriched in subpopulations of exosomes 43 and can therefore be used to validate exosome-isolation methods. 44 In this study, the successful isolation of exosomes in elution fractions 8-13 was confirmed by ELISA for tetraspanins CD9/CD63 and CD81 ( Figures 1B and 1C ). Analysis of identical fractions confirmed that exosomes purified from EGFP_C1C2-transfected cells had EGFP on the surface (8) (9) (10) (11) (12) (13) Figure 1C) , whereas exosomes purified from the SN of cells transfected with plasmids expressing EGFPD did not (8-13; Figure 1B ). Fractions 8-13, corresponding with tetraspanin marker enrichment, were pooled, and purified exosomes were subsequently evaluated by nanoparticle tracking analysis (NTA) to confirm the particle titer and $150-nm size ( Figure 1D ). 44 We further validated the pooled, purified exosomes by performing ELISAs for tetraspanins CD9/ CD63 and CD81 in parallel with EGFP, again confirming that only exosomes derived from the SN of cells transfected with pcDNA3.1-EGFP_C1C2 had EGFP on the exosome surface ( Figure 1E ). In addition to confirming the purification of EVs with exosomal-like properties, we further validated these preparations by performing western blots for exosome-associated endosomal protein, ALIX, and the exosome-excluded endoplasmic reticulum marker GRP94 ( Figure 1F ). As expected, we detected the presence of ALIX in our purified exosome samples, but not in the cleared cell lysate (CL). In contrast, GRP94 was strongly detected in the cell lysate but was hardly detectable on exosomes, in agreement with previous studies. 43 In summary, we confirmed that fusion of model Ag to the membraneassociated C1C2 domain of lactadherin could successfully tether EGFP to the surface of EVs, including exosomes, in vitro. These findings supported the engineering of C1C2 fusion Ag expression cassettes into non-replicating Ad vectors for subsequent in vivo expression of exosome display EGFP following vaccination.
EGFP_C1C2-transfected cells only. (D) SEC fractions enriched for CD9, CD63, and CD81 were validated using nanoparticle tracking analysis (NTA: Malvern Panalytical) to confirm $150-nm size and concentration. The mode value for size is shown, which is the size in nanometers of the majority of particles. (E) ELISA on 1 mg/well of pooled, purified exosomes to confirm the presence of tetraspanins CD9, CD63, and CD81 and the presence of EGFP on the surface of exosomes purified from EGFP_C1C2transfected cells only. Data shown represent background subtraction of matched isotype control Abs. Positive controls for tetraspanins included exosomes purified from Du145 cells (provided by Prof. A Clayton and Dr. J. Webber, Cardiff University, Cardiff, UK). Wells coated with 1 mg/mL recombinant EGFP protein (Abcam, USA) were used as a positive control for EGFP Ab binding. Dashed line separates exosome samples from control samples. (F) Western blot on purified exosomes (Exo) and cleared cell lysate (CL) from the corresponding transfected cells to detect exosome-enriched endosomal protein ALIX and to show minimal detection of exosome-excluded endoplasmic reticulum protein GRP94.
EGFP Can Be Targeted to the Surface of EVs In Vitro following Infection of A549 Cells with an Ad Vector Expressing EGFP_C1C2
DNA encoding EGFP_C1C2 and non-targeted control EGFPD was engineered into a non-replicating Ad5 or ChAd vectored vaccine to test whether the exosome display approach could improve transgene-specific immunogenicity in vivo. We first confirmed that expression levels of EGFPD and EGFP_C1C2 were comparable following transduction of A549 and Chinese hamster ovary (CHO)-coxsackie and adenovirus receptor (CAR) cells with both Ad vectors (Figures S1B-S1E). To support our proof-of-concept data where we confirmed successful targeting of EGFP_C1C2 but not EGFPD to the surface of exosomes in vitro using accepted EV purification and validation methodology ( Figure 1) , we subsequently demonstrated that EGFP could be targeted to the surface of EVs derived from A549 cells following expression of EGFP_C1C2 by an Ad vaccine in vitro ( Figure S2 ). A549 cells were infected with each Ad vector, and using precipitation-based purification, EVs were crudely purified from the SN of A549 cells grown in exosomedepleted fetal bovine serum (FBS) 72 h post-infection. When we performed validation ELISAs on the EV pellet to detect CD9/CD63 and CD81 in parallel with EGFP, we confirmed that only EVs precipitated from the SN of A549 cells infected with Ad5-EGFP_C1C2, but not Ad5-EGFPD, had EGFP on the surface of EVs. We were unable to detect an EGFP signal for the ChAd vector (data not shown); however, this would be consistent with its very low transduction efficiency in A549 cells relative to Ad5 (see Figures S1B and S1C). Although the ChAd vector efficiently infects hamster CHO-CAR cells (see Figures S1D and S1E), our validation ELISAs for CD9/CD63 and CD81 are for exosomes derived from human cells, and the Abs are specific for human tetraspanins. Therefore, we were unable to confirm these findings for the ChAd vector in vitro.
It is important to highlight that there are several technical challenges and caveats to using an in vitro system to demonstrate exosome display and release by Ad-infected cells. In order to purify sufficient quantities of exosomes for high-quality analysis that adhere to the minimal guidelines for the International Society for Extracellular Vesicles (ISEV), 44, 45 we purified exosomes from 100 to 250 mL of serum-free Expi293F SN following transfection with our pcDNA3.1-SS-EGFPD and EGFP_C1C2 expression constructs using ultracentrifugation and size-exclusion chromatography (as outlined in Figure 1 ). However, these large volumes would be impossible to infect with practical quantities of purified Ad viruses (MOI of 250 infectious units [IFU]/cell for 250 mL of suspension at 2 Â 10 6 /mL). In addition, we cannot confirm exosome display-based EGFP loading following expression from an Ad vector using Expi293F cells because this cell line supports the replication of E1-deleted Ad vectors, which would confound our results. Therefore, this assay was restricted to using A549 cells grown in media containing exosome-depleted FBS in a six-well plate format with duplicate volumes of 5 mL, resulting in very low yield of EVs/exosomes for analysis. Finally, the precipitationbased method used to isolate concentrated and detectable quantities of EVs from a such a small SN sample purifies a heterogeneous population of vesicles, including non-exosomal particles. Therefore, we think that the transfection of Expi293F cells with pcDNA-based vec-tors expressing EGFPD or EGFP_C1C2 is a more robust and technically feasible means of demonstrating proof of concept for the success of the exosome display approach in vitro.
Incorporation of the Exosome Display Model Ag EGFP into
Human and Non-human Ad Vaccine Vectors Results in Increased Ag-Specific Humoral Immunity following i.m.
Vaccination in Mice
Following vaccination with non-replicating Ad5 or ChAd vectored vaccines encoding EGFP_C1C2 and non-targeted control EGFPD, EGFP protein should be expressed within cells infected with Ad5/ ChAd following immunization and processed via classical Ag presentation pathways. However, we hypothesized that exosome-bound EGFP_C1C2 could also be released from host cells (via natural, endogenous exosome biogenesis pathways) and taken up by neighboring Ag-presenting cells (APCs), potentially augmenting immunogenicity. Ad5 vaccines are well established for their ability to elicit robust humoral immune responses directed toward encoded transgene Ags. 20, 30, [46] [47] [48] Although the ChAd vaccine used in this study (ChAdOx1) can elicit potent T cell responses in animal models 1, 31, 49 and humans, 6,7 its ability to elicit high Ab titers in mice is impaired when compared with Ad5. 1, 31 We anticipated that the presentation of EGFP on the surface of EVs/exosomes could improve Ab responses to this Ag when encoded within the ChAd vector. Therefore, we performed a head-to-head comparison of the in vivo immunogenicity of ChAd-EGFPD and ChAd-EGFP_C1C2, as well as Ad5-EGFPD and Ad5-EGFP_C1C2, following i.m. or i.n. vaccination of mice.
We determined that EGFP-specific serum immunoglobulin (Ig)G Ab responses elicited following a single i.m. vaccination with an Ad vaccine were greatly improved when EGFP was fused to C1C2 (Figures 2A-2D, green boxes, green circles). Surprisingly, improvements in immunogenicity were not limited to ChAd, but were also detected for the highly immunogenic vector Ad5 (Figures 2A-2D ), with geometric mean endpoint titers for Ad5-EGFP_C1C2 $10-fold greater than Ad5-EGFPD ( Figure 2C , p < 0.0001). Differences in endpoint titers for ChAd were more pronounced than those observed for Ad5, with ChAd-EGFP_C1C2 responses $400-fold greater than those for ChAd-EGFPD ( Figure 2C , p < 0.0001). These increases in immunogenicity were sustained at day 28 (D28) ( Figures S3A-S3D ), with geometric mean endpoint titers for Ad5-EGFP_C1C2 being $9fold greater than Ad5-EGFPD ( Figure S3C , p = 0.0079) and 363fold greater for ChAd-EGFP_C1C2 compared with ChAd-EGFPD ( Figure S3C , p = 0.0079).
We also compared Ad vaccines expressing EGFPD or EGFP_C1C2 using an area under the curve (AUC) analysis ( Figure 2D ). We determined that AUC values were increased 10-fold for Ad5-and 817-fold for ChAd, respectively, when EGFP was fused to C1C2 compared with EGFPD (both p < 0.0001). These increases in immunogenicity were again sustained at D28, with AUC values for Ad5-EGFP_C1C2 being >7-fold greater than Ad5-EGFPD and 631-fold greater for ChAd-EGFP_C1C2 compared with ChAd-EGFPD ( Figure S3D , both p = 0.0079). Although some mice in the day 14 (D14) ChAd-EGFPD group had IgG endpoint titers and AUC values that were below the limit of detection, the same mice had robust splenic T cell responses to EGFP (see below), suggesting that the lack of IgG response was not due to ineffective i.m. vaccination. Data presented in Figures 2A-2D and S3A-S3D agree with earlier findings regarding the reduced immunogenicity of ChAd relative to Ad5, 1,31 with minimal EGFPspecific Ab responses detected following i.m. vaccination with ChAd-EGFPD (gray circles).
Delivery of Exosome Display EGFP by Ad5 or ChAd Vaccine Vectors Leads to Increases in Ag-Specific IgG Subclass Abs following i.m. Vaccination in Mice
In the disease context, it is well established that specific Ab isotypes, and IgG subclasses, elicited through vaccination using different vaccine platforms can contribute to protective efficacy. This can be due to the induction of protective Abs which preferentially engage specific Fcg receptors (FcgRs) and mediate effector function-based clearance and subsequent protection from pathogen challenge, independently of neutralizing Abs. [50] [51] [52] [53] In mice, such Abs include IgG isotype subclasses that have high-affinity interactions with activating FcgRs, namely IgG 2a > IgG 2b > IgG 1 . 54, 55 Although the vaccines described herein express a model Ag EGFP, for which no protective function can be measured, we wanted to investigate whether the exosome display molecular adjuvant approach could broaden or skew the profile of Ag-specific IgG subclasses elicited by vaccination, and to investigate whether the route of vaccine administration impacts this.
We performed EGFP-specific IgG subclass ELISAs, detecting mouse IgG 1 , IgG 2a , and IgG 2b Abs in the serum (Figures 2E-2J ). Similar ELI-SAs were performed for isotypes IgG 3 , IgA, and IgM, but responses were very low or undetectable (data not shown), in agreement with previous studies. 56 As anti-EGFP responses elicited by ChAd-EGFPD were so low, it is difficult to assess the isotype subclass distribution ( Figures 2F, 2H , and 2J). However, we determined that delivery of EGFP_C1C2 by both Ad5 and ChAd vaccines resulted in increased responses to EGFP across all IgG subclasses measured. There were subtle differences in the skewing of responses between the Ad5 and ChAd vaccines. Ad5 induced EGFP-specific responses in the order IgG 2a > IgG 1 > IgG 2b , whereas ChAd induced responses that were IgG 2a > IgG 2b > IgG 1 . This differential pattern of IgG subclass skewing for Ad5-and chimpanzee Ad-based vaccines is consistent with previous studies. 46, 56, 57 The predominance of IgG 2a responses following i.m. vaccination was reassuring, as it suggested that fusion of a disease-specific Ag to C1C2, combined with Ad-vectored delivery, may result in IgG responses of a Th1 phenotype. Such Abs would preferentially interact with murine activating FcgRs and should therefore be capable of mediating effector functions in vivo. Th1 responses have been shown to be essential for protection from viral respiratory pathogens in animal models, 58, 59 emphasizing the relevance of this approach for vaccines for viral diseases.
Intranasal Vaccination with Human and Non-human Ad Vaccine Vectors Expressing Exosome Display Model Ag EGFP Results in Increased Ag-Specific Humoral Immunity in Mice
Ad vaccines are gaining interest as vaccine delivery vehicles that might be capable of eliciting both systemic and mucosal immunity for respiratory pathogens such as seasonal and pandemic influenza virus 60 and RSV. 8, 61 Therefore, we wanted to establish whether the exosome display molecular adjuvant approach could also increase the Ag-specific immunogenicity of Ad5 and ChAd following i.n. vaccination in mice.
In agreement with findings following i.m. vaccination, EGFP-specific serum IgG responses were also increased following i.n. administration of Ad5-and ChAd-expressing EGFP-C1C2, when compared with control EGFPD ( Figures 3A and 3B ). Geometric mean endpoint titers were increased $45-fold (p = 0.0001) and 30-fold (p = 0.0051) for Ad5 and ChAd, respectively, when EGFP was fused to C1C2 ( Figure 3C ). Endpoint titers at D28 following i.n. immunization maintained improvements of $21-fold for Ad5-EGFP_C1C2 compared with Ad5-EGFPD ( Figures S4A and S4C , p = 0.0079) and 65-fold for ChAd-EGFP_C1C2 ( Figures S4B and S4C , p = 0.0159). Similarly, D14 AUC values were increased $45-fold (p = 0.0001) and 40fold (p = 0.0051) for Ad5/ChAd-EGFP_C1C2 compared with EGFPD ( Figure 3D ). Again, AUC responses at D28 were still increased for Ad5-EGFP_C1C2 compared with Ad5-EGFPD (15fold, p = 0.0079), and responses were more pronounced for ChAd-EGFP_C1C2, which was increased 112-fold over ChAd-EGFPD ( Figure S4D , p = 0.0079). We identified three mice in the D14 EGFPD groups with no detectable IgG ELISA responses following i.n. vaccination, but with a detectable splenic T cell response (see below).
We also measured the IgG subclass of the EGFP-specific serum Ab response following i.n. vaccination with Ad5 or ChAd vectors ( Figures  3E-3J ). Results obtained following i.n. administration of Ad vectors expressing EGFP_C1C2 largely mirrored the subclass distribution observed following i.m. vaccination. Again, Ad5 elicited EGFP-specific IgG responses, which were largely IgG 2a > IgG 1 > IgG 2b , whereas ChAd elicited responses, which were IgG 2a > IgG 2b > IgG 1 .
Exosome Display of EGFP Delivered by Ad5-or ChAd-Based Vaccines Elicits Increased Mucosal IgG Responses following i.n. Vaccination in Mice
In addition to serum, we also collected bronchoalveolar lavage (BAL) and lung tissue from mice vaccinated i.n, to quantify local humoral and cellular immune responses to the vaccine Ag EGFP. Ag-specific IgG responses in BAL were measured by ELISA ( Figures 4A-4D ).
In agreement with serum IgG responses following i.m. and i.n. vaccination (see Figures 2A-2D and 3A-3D), we also detected increased IgG responses in the BAL when EGFP was fused to C1C2. Again, the improvement in immunogenicity was observed for both Ad5 and ChAd vectors. IgG endpoint titers were increased $42-fold for Ad5-EGFP_C1C2 over Ad5-EGFPD (p = 0.0002), and $30-fold for ChAd when EGFP was fused to C1C2 (p = 0.0027). When we performed similar ELISAs on BAL at D28 post-immunization ( Figures  S4E-S4H ), geometric mean endpoint titers for Ad5-EGFP_C1C2 were still increased 11-fold when compared with Ad5-EGFPD (p = 0.0079). Ag-specific IgG responses in the BAL were also increased 20-fold at D28 for ChAd-EGFP_C1C2 compared with ChAd-EGFPD (p = 0.0159). Similarly, AUC at D14 values were increased $63-fold (p = 0.0002) and 47-fold (p = 0.002) for Ad5 and ChAd expressing EGFP_C1C2 compared with EGFPD, respectively. Again, AUC values at D28 post-immunization were 10-fold greater for Ad5-EGFP_C1C2 compared with Ad5-EGFPD (p = 0.0079) and 32-fold greater for ChAd-EGFP_C1C2 versus ChAd-EGFPD (p = 0.0159).
In conclusion, the exosome display molecular adjuvant approach, achieved by fusion of EGFP to the C1C2 domain of lactadherin, allowed increases in systemic and mucosal Ag-specific IgG immune responses elicited by ChAd and Ad5. Importantly, this approach resulted in ChAd-EGFP_C1C2 eliciting humoral immune responses to EGFP that were comparable to the baseline immunogenicity of Ad5 (EGFPD), a gold-standard benchmark in the field for Ad vector immunogenicity.
Fusion of Model Ag EGFP to C1C2 and Delivery Using Ad5/ChAd Vaccine Vectors Does Not Negatively Impact Systemic Ag-Specific Cellular Immunity in Mice
As Ad vectors are well established for their ability to induce potent T cell responses to transgene Ag, 20, 28, 30 we wanted to assess whether Figures 5B and 5D ) followed a similar trend, and robust responses were detected for both stimulation conditions. Following i.m. vaccination with the ChAd vaccines, we observed an increase in ELISpot responses when comparing EGFP_C1C2 with EGFPD; however, this was not statistically significant. Importantly, the robust cellular immune responses associated with Ad vectors were not impaired by targeting EGFP to the surface of EVs/exosomes for either vector, Ad5 or ChAd. As expected, ELISpot responses in the spleen following i.n. vaccination were lower than responses detected following i.m. vaccination. Ag-specific T cell responses to the EGFP 200-208 CD8 + T cell epitope were again increased when comparing EGFP_C1C2 with EGFPD following delivery by the ChAd vaccine platform relative to Ad5, although this was not statistically significant.
Fusion of Model Ag EGFP to C1C2 Improves Local Cellular Immunity in the Lung for ChAd but Not Ad5 following i.n.
Vaccination in Mice
As previously stated, Ad vaccines are a very attractive platform vector for mucosal administration, particularly for vaccination against respiratory pathogens. 8, 60, 61 We confirmed that targeting EGFP to the surface of EVs/exosomes through fusion to the C1C2 domain of lactadherin could improve EGFP-specific IgG responses in the BAL following i.n. vaccination ( Figures 4A-4D ). Therefore, we wanted to assess whether T cell responses in the lung and in the BAL were improved with the EGFP_C1C2 transgene cassette compared with EGFPD, when delivered by Ad5 or ChAd vaccines ( Figure 5E-5J ). Because the ELISpot we performed does not permit distinction between CD4 + or CD8 + T cell responses (with the exception of the EGFP 200-208 CD8 + restricted epitope), we performed flow cytometry with intracellular cytokine staining (ICS) to phenotype cells isolated from BAL and whole perfused lung. An example of the gating strategy is presented in Figure S5 . To allow detection of CD4 + and CD8 + T cell responses, we stimulated cells with the entire EGFP peptide pool, rather than the CD8 + restricted epitope. We did not detect CD4 + T cell responses (data not shown). CD8 + T cell responses in both the lung and BAL were largely similar for Ad5, with no significant difference in IFN-g, tumor necrosis factor (TNF)-a or interleukin (IL)-2 production when comparing EGFP_C1C2 and EGFPD (Fig-ures 5E-5J ). However, we again observed consistent trends toward increased T cell responses with EGFP_C1C2 for ChAd, with significantly increased responses measured for TNF-a production in CD8 + lung T cells ( Figure 5G ), and IFN-g production in BAL CD8 + T cells ( Figure 5H ). In the lung, the TNF-a + response from CD8 + T cells increased $7-fold for ChAd-EGFP_C1C2 compared with ChAd-EGFPD (p = 0.045). In the BAL, CD8 + T cells secreting IFN-g for ChAd-EGFP_C1C2 were increased $7.8-fold (p = 0.0475) over ChAd-EGFPD.
DISCUSSION
It is well documented that pre-existing anti-vector immunity can negatively impact the immunogenicity of Ad vaccines, 25,62-64 particularly those based on common human serotypes such as Ad5. In an effort to overcome this, there has been an expansion of interest in recent years in developing rare species of human Ad vectors (i.e., Ad26), 22 or vectors derived from NHPs, including chimpanzees (i.e., ChAd68, 57 ChAdOx1, 32 ChAd63 65 ). The potency of Ad-based vectors in eliciting transgene-specific CD8 + T cell responses is well established. 20, 28, 30, 66 However, the ability to elicit transgene-specific responses, particularly Abs, can vary from vector to vector, or with route of vaccine administration. 56, 57 This emphasizes the importance of choosing the optimal Ad vaccine platform and vaccination regimen for a specific disease of interest. Although selected Ad vectors display comparable cellular or humoral immunogenicity to the gold-standard Ad5 vector (i.e., ChAd3 30 or ChAd63 28 ), the vast majority of new Ad platforms exhibit immunological potencies that are reduced $100 to 1,000-fold relative to Ad5. 28, 30 The precise mechanistic factors that contribute to these inherent differences in immunogenicity are not conclusive, but it is considered that a combination of factors could affect the differential immunogenicity of various Ad vectors. These factors include (1) differences in receptor, co-receptor, and/or in vivo tissue tropism; 1, 31, 67 (2) the efficiency of viral uncoating and trafficking to the nucleus; 30, 68, 69 (3) the route of vaccine administration; 57 (4) differences in the innate immune sensing of Ad particles 30 ; as well as (5) the level and persistence of Ag following Ad vaccination. 20, 47, 48, 64, 70 The receptor usage and in vitro entry mechanism of Ad5, mediated via binding to CAR and internalization via cellular integrins, is well established. [71] [72] [73] In addition, the in vivo tropism of Ad5 in mice following intravenous (i.v.) administration has been very well studied, and we have substantial information regarding the interacting cell types that contribute to immune activation. 23, [74] [75] [76] [77] [78] In contrast, there is a paucity of information in the field regarding the precise cellular interactions that occur following i.m. or i.n. administration with Ad5, and how these interactions contribute to immunogenicity or protective efficacy. 5 Consequently, we have extremely limited insight into how rare species or non-human Ad vectors engage with specific APCs or non-lymphoid cells in vivo at immunological priming sites, and how these interactions, in conjunction with innate activation, shape adaptive immune responses.
The in vitro entry receptor for ChAdOx1 has not been characterized. It has been proposed that it can use CAR, in addition to another as yet unidentified receptor on the surface of CHO-K1. 1 Evidence suggests that persistent Ag expression both within draining lymph nodes (dLNs) and cells within nonlymphoid compartments, 20, 47 combined with minimal induction of innate immunity (namely pathways driven by type I IFN and/or STING signaling), 30, 56 are defining characteristics of potently immunogenic Ad vectors. 30, 79 In support of this, it has been shown that Ad5 expresses transgene Ag more efficiently in dLNs than does ChAdOx1 following i.m. vaccination, 1 potentially offering an explanation for the increased immunogenicity of Ad5 relative to ChAdOx1. As a result, future studies that aim to comprehensively characterize the basic biology of rare species or non-human Ad vectors will be invaluable in deciphering the underlying mechanisms and interactions that result in robust immunogenicity. 67 The identification of defined entry receptors, the characterization of Ad virion pathogen-associated molecular patterns (PAMPs) that trigger differential innate signaling pathways, as well as determining the factors that contribute to sustained transgene expression in vivo will enable genetic engineering of optimal platform vectors that elicit a distinct phenotype of protective immunity, tailored to specific disease targets.
Nonetheless, in the absence of detailed information regarding the in vivo kinetics of novel Ad platforms, alternative efforts are currently being undertaken to improve the immunogenicity of existing Ad vectors. One way this can be achieved is through the incorporation of genetic adjuvants to increase immune stimulation, 80, 81 or recognition of the transgene Ag delivered by a non-replicating Ad vector. In this study, we have taken an approach to increase the dissemination of transgene Ag encoded within non-replicating Ad vectors (i.e., EGFP) to improve immune recognition and, subsequently, Ag-specific immune responses. The previously described exosome display approach involves the Velcro-like tethering of Ag to the surface of host-derived EVs/exosomes, 37 which we validated in vitro using a model Ag, EGFP. However, by using non-replicating Ad vectors to deliver and express the exosome-targeted EGFP_C1C2 and non-targeted control Ag cassettes in vivo, we anticipated that exosome tethering of EGFP could take place following vaccination. In this scenario, EGFP would be expressed within cells that take up the Ad vaccine following immunization, and expressed Ag would be processed through classical major histocompatibility complex (MHC) I presentation pathways, resulting in potent CD8 + T cell responses. However, exosome surface-bound EGFP_C1C2 could also be released from host cells and taken up by neighboring APCs, thus creating multiple waves of immune stimulation and potentially augmenting humoral and cellular immunogenicity. We hypothesized that this increased Ag dissemination could be used as a general approach to improve the potency of ChAd, which has weaker immunogenicity than does Ad5.
We confirmed that this approach increased humoral immune responses in serum following vaccination, without negatively impacting the potency of cellular immunity. Importantly, the adjuvanting effects were observed following i.m. and i.n. vaccination, for both Ad5 and ChAd, and differences were maintained 28 days following immunization. Many Ad vectors are being investigated for mucosal delivery to provide protection against respiratory pathogens, 49, 61 including in the development of influenza virus vaccines. 60, 82 Ideally, such a vaccine should elicit high levels of cross-reactive Ab and T cell responses following a single vaccination. Recombinant Ad vectors are very well suited to the development of a universal influenza virus vaccine, due to their egg-independent production, rapid manufacturing capacity, thermostability, and safety in young, old and immunocompromised individuals. 5, 15 With this in mind, we confirmed that both systemic (serum) and mucosal (BAL) IgG responses were substantially improved following i.n. vaccination for both Ad5 and ChAd vectors when EGFP was fused to C1C2 (D14 and D28). Importantly, we determined that these Ab responses displayed a predominantly IgG 2a response in mice. In the context of influenza virus, Abs of this subclass which recognize conserved epitopes on the stalk domain of hemagglutinin (HA), have been shown to play a crucial role in providing Fc-mediated protection from influenza virus challenge through effector function-based clearance mechanisms. [50] [51] [52] Therefore, our data suggest that combining an influenza virus, exosome display fusion Ag with Ad-mediated vaccination in the future may increase the magnitude of Ag-specific responses and enhance protective efficacy. Increases in the magnitude of the Ab response could be exploited to maximize immunogenicity in specific populations, such as the elderly, in which immunosenescence is known to negatively impact vaccine effectiveness. 83, 84 Improvements in immunological potency could also permit Ad vector dose sparing, 79 leading to reduced manufacturing costs and increased availability of vaccine doses during a pandemic.
As stated, recombinant Ad vectors represent a promising platform for development, as vaccines for infectious diseases and are increasingly undergoing clinical evaluation. 85 A large number of human and non-human Ad serotypes with low seroprevalence in humans are available. This could facilitate their use in heterologous prime-boost or sequential immunization vaccination regimens, thereby bypassing issues related to pre-existing Ad immunity. This emphasizes the importance of continuing to evaluate and develop novel Ad vectors as a plug-and-play, easily customizable vaccine platform.
In this study, we have shown that fusion of model Ag EGFP to the C1C2 domain of lactadherin can dramatically improve the humoral immune responses of a chimpanzee Ad vector, ChAdOx1, an Ad platform that is currently being evaluated in phase I human clinical testing. 6, 7 The increased immunogenicity we observed for ChAd-EGFP_C1C2 resulted in serum Ab and mucosal (i.e., BAL) responses that were comparable to, or better than, the potently immunogenic Ad5 vector (EGFPD), following both i.m. and i.n. vaccination. We also observed no impairment to CD8 + T cell responses, and noted improvements in cellular immune responses elicited by ChAd in the lung, when EGFP was fused to C1C2. These data represent the first report of using the exosome display molecular adjuvant approach to improve the immunogenicity of a non-human ChAd (or any non-Ad5-based) vector. Therefore, this strategy could represent a general approach to improve the immunogenicity of other rare species or non-human Ad vectors that have weak humoral immunogenicity, but otherwise desirable stability and manufacturing characteristics.
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MATERIALS AND METHODS
Plasmid Construction and DNA Cloning
An expression plasmid containing the lipid-binding C1C2 domain of lactadherin Mfge8 and a C-terminal 6XHIS tag, pcDNA3.1-SS_C1C2, 37, [39] [40] [41] 86 was kindly provided by Dr. Clotilde Théry (INSERM, France). EGFP was amplified from pEGFP-C1 (Clontech) by PCR using primers to introduce engineered restriction sites HindIII at the 5 0 terminus and AgeI-HindIII at the 3 0 terminus. PCR fragments were digested with HindIII or AgeI/HindIII and ligated into HindIII-digested pcDNA3.1-SS_C1C2 to generate the C1C2fusion construct pcDNA3.1-SS-EGFP_C1C2, or AgeI/HindIII-digested pcDNA3.1-SS_C1C2 to generate C1C2-deleted pcDNA3.1-SS-EGFPD ( Figure 1A ).
Adenovirus Genome Engineering and Vaccine Production
In order to facilitate the subsequent generation of recombinant Ad vectors for Ad5 and chimpanzee adenovirus ChAdOx1 6,32 genomes encoding C1C2-fusion EGFP (EGFP_C1C2) and controls lacking the C1C2 domain (EGFPD), silent mutations were introduced to remove existing PmeI and PacI sites in the signal sequence (SS) within pcDNA3.1-SS-EGFP constructs to create pcDNA3.1-SSmut derivatives. The entire Ag cassette was then amplified by PCR to introduce terminal NotI restriction sites and the Ag fragment was cloned into NotI-digested entry vector (pENTR4) for subsequent homologous recombination with E1/E3-deleted Ad backbones using Gateway technology (Life Technologies, Carlsbad, CA, USA), as previously described. 32 Adenoviruses were linearized by PacI/PmeI to release the infectious viral genome (Ad5/ChAd) and transfected into TRex293 cells. Viruses were amplified, purified by two rounds of cesium chloride banding, and titrated at the Jenner Institute Viral Vector Core Facility (University of Oxford, Oxford, UK), as previously described. 6, 32, 87 To confirm that transgene expression was comparable between EGFPD and the fusion construct EGFP_C1C2 when expressed by an Ad vector, A549 or CHO-CAR cells were infected with each Ad5 or ChAd vector at the same multiplicity of infection (MOI) of 250 IFU/cell. EGFP expression was quantified 22 h post-transduction by flow cytometry (Figures S1A-S1D ). Murine splenocytes were cultured in minimum essential medium with alpha modification (a-MEM) supplemented with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin, 4 mM L-glutamine, and 50 mM 2-mercaptoethanol for ex vivo IFN-g ELISpot. Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine (denoted R10) was used for preparing murine lymphocytes for flow cytometry-based immunology assays (described in detail below).
Cells and Culture Media
Exosome Purification by Ultracentrifugation and Size-Exclusion Chromatography
To assess the incorporation of the C1C2-fusion Ag into exosomes in vitro, 100-250 mL of Expi293F cells (2 Â 10 6 cells/mL) were transfected with 1.375 mg/mL pcDNA3.1-SSmut expression vectors using 4 mg/mL polyethylenimine (PEI), as previously described. 88, 89 Transfection efficiency was evaluated by flow cytometry analysis of EGFP expression 48-72 h post-transfection, and cell number was recorded at harvest (Table S1 ). A sample of the cell lysate was collected for anti-HIS western blot analysis to confirm protein expression following transfection ( Figure S1A) or as a control for western blots to detect proteins enriched in, or excluded from, exosomes but present in the cell lysate ( Figure 1F ). 1 Â 10 7 cells were lysed in 200 mL of cell lysis buffer (300 mM NaCl, 50 mM Tris, 0.5% Triton X-100, pH 7.4), and then incubated on ice for 20 min before centrifugation at 20,000 Â g for 20 min at 4 C. The cleared cell lysate was collected, protein concentration was determined by bicinchoninic acid (BCA) assay, and aliquots were frozen at À20 C prior to further analysis.
EVs were purified from serum-free conditioned media using a combination of high-speed ultracentrifugation to enrich the exosome pellet from 250 mL of SN to 1 mL, followed by the use of size-exclusion chromatography columns previously validated for purification of exosomes. 42 96 h post-transfection, Expi293F cells were pelleted by centrifugation at 400 Â g for 7 min at 4 C. SN was transferred into a new 50-mL conical tube and centrifuged again at 400 Â g for 7 min at 4 C. SN was again transferred and centrifuged at 2,000 Â g for 15 min at 4 C, and SN was transferred to a new tube and centrifuged at 10,000 Â g for 30 min followed by filtration through a 0.22-mm filter as previously described 90 before being stored at À80 C prior to ultracentrifugation. A Beckman Coulter Optima LE-80K ultracentrifuge and 70Ti fixed-angle rotor were pre-chilled to 4 C. SNs were divided over 32.4-mL Bell Optiseal ultracentrifugation tubes and centrifuged at 100,000 Â g for 1.5 h at 4 C using slow acceleration and deceleration. The exosome pellet was pooled and resuspended in a final volume of 1 mL of low-particle Dulbecco's PBS (DPBS) (Lonza, Basel, Switzerland).
Exo-spin Midi columns (Cell Guidance Systems, St. Louis, MO, USA) were prepared as described previously 42 and loaded with the 1-mL sample obtained following ultracentrifugation of Expi293F cell SN. A total of 24 aliquots of 500 mL were collected and analyzed by ELISA for tetraspanins CD9, CD63, and CD81 and targeted Ag (i.e., EGFP) on the surface of exosome elution fractions (see Table 1 for Ab information). Relevant data from our experiments have been submitted to the EV-TRACK knowledgebase (EV-TRACK: EV190049), 91 and methodology complies with guidelines for exosome classification as outlined by position papers from the International Society for Extracellular Vesicles. 44, 45 CD9, CD63, CD81, and Anti-EGFP ELISA High-protein-binding 96-well plates were incubated overnight at 4 C with 20 mL of each size-exclusion chromatography elution fraction in quadruplicate (i.e., for CD9, CD63, CD81, and EGFP). The following day, plates were washed three times with 200 mL of 0.1% (v/v) BSA in DPBS (without calcium or magnesium) and blocked with 200 mL of 1% (v/v) BSA for 2 h at room temperature (RT). BSA dilutions were made up with 10Â concentrated reagent diluent solution (R&D Systems, Minneapolis, MN, USA) diluted in DPBS before being filtered through a 0.1-mm filter. Plates were incubated with 100 mL of mouse anti-human CD9/CD63/CD81 or anti-EGFP diluted in DPBS with 0.1% (v/v) BSA for 2 h at RT. Following washing, 100 mL of secondary horseradish peroxidase (HRP)-conjugated Ab was added and plates were incubated at 37 C for 1 h. Plates were washed and development was performed using 100 mL of SigmaFast o-phenylenediamine dihydrochloride (OPD) solution and stopped with 50 mL of 3 M HCl (Thermo Fisher Scientific, Waltham, MA, USA). Plates were read at 490 nm. Fractions that had high expression of CD9/CD63 and/or CD81 were pooled and aliquoted before being stored at À80 C for downstream exosome analysis and validation. A small aliquot was not frozen and was kept at 4 C for quantification of protein content using a BCA assay and for quantification of vesicle titer and particle size using NanoSight (see below). ELISAs for CD9, CD63, CD81, and EGFP were repeated on purified preparations in triplicate, coating plates with 1 mg/well, alongside matched isotype control Abs (which were used to subtract background, non-specific staining). Positive controls for tetraspanins included validated exosomes derived from Du145 cells (provided by Dr. J. Webber and Prof. A. Clayton, Cardiff University), 92 and the positive control for detection of EGFP included wells coated with 1 mg/mL recombinant EGFP protein (Abcam, Cambridge, UK).
Western Blot
The protein concentrations of cleared lysate and purified exosomes were assessed using the Pierce microBCA protein assay kit (Thermo Fisher, Waltham, MA, USA). Samples (20 mg) were reduced using 6Â loading buffer containing dithiothreitol (DTT) and were boiled at 95 C for 10 min. Samples were loaded onto a 10% Mini-Protean TGX pre-cast gel (Bio-Rad, Hercules, CA, USA), and SDS-PAGE was performed at 125 V. Proteins were transferred to a 0.2-mm polyvinylidene fluoride (PVDF) membrane (Bio-Rad, Hercules, CA, USA) using the Trans-Blot Turbo transfer system. Following transfer, the membrane was incubated in blocking buffer (3% BSA in PBS) for 1 h at RT on a shaking platform. After washing three times with PBS with 0.1% Tween-20 (v/v), the membrane was incubated for 1 h at RT with 0.2 mg/mL mouse anti-hexahistidine (Abcam, Cambridge, UK), 1 mg/mL rabbit anti-human Grp94 (Enzo, New York, NY, USA), or 1 mg/mL mouse anti-human ALIX (Santa Cruz, Dallas, TX, USA) diluted in 3% BSA/PBS (Table 1) . Following incubation, a 1:3,000 dilution of alkaline phosphatase-conjugated donkey anti-mouse or donkey anti-rat secondary Ab (Jackson Laboratory, Bar Harbor, ME, USA) was added for 1 h. The membrane was washed four times and then incubated with 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitroblue tetrazolium (NBT) substrate (Sigma-Aldrich, St. Louis, MO, USA) until clear bands developed. The reaction was stopped using deionized water, and images were scanned and edited using GIMP 2.10.10 photo editing software to uniformly adjust brightness/contrast and to crop images for clear visualization.
NTA
The size and concentration of purified EVs were measured at the Radcliffe Department of Medicine, University of Oxford, using a NanoSight NS300 instrument (Malvern Panalytical, Malvern, UK), sCOMS camera, and NTA software version 2.3, build 0033. Synthetic 100-nm Nanosphere size standard particles (Thermo Fisher Scientific, Loughborough, UK) were used for calibration. EVs purified from 100-250 mL of Expi293F SNs were prepared for NTA analysis by dilution in nanoparticle-free H 2 O (Fresenius Kabi, Runcorn, UK). Dilutions ranging from 1:100 to 1:1,000 were performed so that more than 1 Â 10 8 EVs/mL were being analyzed. Samples were analyzed A549 cells were seeded in six-well plates at 0.5 Â 10 6 cells/well and allowed to adhere overnight. The following day, serum-containing F-12K media were removed, cells were washed with PBS, and media were replaced with 1 mL of serum-free media containing Ad virus at a MOI of 250 (IFU/cell). Each test was performed in duplicate. Cells were infected for 3 h at 37 C, after which the virus suspension was removed and media were replaced with 5 mL of F-12K containing 10% exosome-depleted FBS (Thermo Fisher, Waltham, MA, USA). The Ad infection was allowed to proceed for 72 h, after which the cell SNs were harvested for purification of EVs. The SNs from duplicate wells (5 mL) were combined (10 mL) and pelleted by centrifugation at 400 Â g for 7 min at 4 C. SN was transferred into a new 50-mL conical tube and centrifuged again at 400 Â g for 7 min at 4 C. SN was again transferred and centrifuged at 2,000 Â g for 15 min at 4 C, transferred to a new tube, and centrifuged at 10,000 Â g for 30 min, followed by filtration through a 0.22-mm filter. The filtered 10 mL of SN was then added to 5 mL of total exosome isolation reagent (Thermo Fisher, Waltham, MA, USA), and the suspension was mixed by vortexing and incubated overnight at 4 C to allow precipitation of vesicles. The following day, SN samples were pelleted by centrifugation at 10,000 Â g for 1 h at 4 C, after which the pellet was resuspended in 250 mL of DPBS, as above. Protein concentration was determined using the Pierce microBCA protein assay kit (Thermo Fisher, Waltham, MA, USA). Exosome ELISA assays to quantify CD9, CD63, CD81, and exosome display EGFP were performed exactly as described above with the exception that 4 mg/well purified exosomes was used to coat ELISA plates ( Figure S2 ).
Mice and Vaccination
All animal studies were approved by the Icahn School of Medicine at Mount Sinai Institutional Animal Care and Use Committee (IACUC-2017-0170). Animal studies adhere to the ARRIVE guidelines. 93 Female BALB/cJ mice (Jackson Laboratory, Bar Harbor, ME, USA) aged 6-8 weeks (n = 5-10 mice/group) received 10 8 IFU 87 of a non-replicating Ad vaccine vector diluted in sterile PBS, administered either i.m. or i.n. in a total volume of 50 mL. Control animals received 50 mL of PBS (Life Technologies, Carlsbad, CA, USA). For i.n. vaccinations, mice were anesthetized i.m. using ketamine and xylazine diluted in water for injection (WFI; Thermo Fisher Scientific, Waltham, MA, USA). A pre-vaccination blood sample was obtained from each animal by submandibular bleeding at least 2 days prior to vaccination (day À2). Maximal blood sampling throughout the duration of the experiment did not exceed recommended guidelines per total blood volume (TBV), as established by the National Centre for the Replacement, Refinement and Reduction of Animals in Research (NC3Rs): a maximum of <10% on any single occasion and <15% TBV within 28 days. Two to four weeks (D14 or D28) later, mice were euthanized by increasing CO 2 concentration, death was confirmed by cervical dislocation, and serum and/or spleens were collected for analysis of humoral and cellular immunogenicity. We also collected the BAL fluid and lungs of mice vaccinated i.n, for analysis of mucosal immune responses. The latter mice were euthanized by increasing CO 2 concentration, followed by exsanguination rather than cervical dislocation, to facilitate collection of BAL fluid without disruption of the trachea.
Quantification of EGFP IgG Ab Responses
To measure total Ag-specific IgG responses following vaccination, Mice were humanely euthanized with an increasing concentration of CO 2 , followed by exsanguination by severing the femoral artery. BAL was obtained from the lung using a 2 mL PBS wash. BAL cell samples were pelleted by centrifugation (500 Â g, 5 min), and SN was collected for ELISAs. The cell pellet was resuspended in 500 mL of RBC lysis buffer (QIAGEN, Hilden, Germany) for 5 min, then washed in 5 mL of R10 media.
Following collection of BAL, lungs were subsequently perfused with 1 mL of PBS by cardiac puncture, then dissected into 5 mL of digestion media (1.5% CaCl 2 , 1% FBS, 30 mg/mL DNase I, 0.7 mg/mL collagenase type IV in distilled H 2 O [dH 2 O]) in C Tubes (Miltenyi Biotec, Bergisch Gladbach, Germany) on ice. Lungs were homogenized using a gentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) and placed in a shaking incubator at 37 C for 45-60 min. The lung homogenate was filtered through a 100-mm sieve, pelleted by centrifugation (300 Â g, 8 min), and resuspended in 5 mL of RBC lysis buffer for 5 min. Lung homogenate was washed through a 40-mm sieve using 10 mL of R10 and then pelleted by centrifugation. Cells from BAL and perfused lungs were resuspended in R10 media containing anti-mouse CD28 (1:1,000, BD Biosciences, Franklin Lakes, NJ, USA), brefeldin A (1:1,000, BD Biosciences, Franklin Lakes, NJ), and monensin (1:1,000, BD Biosciences, Franklin Lakes, NJ, USA). Cells from BAL and lung were stimulated for 6 h at 37 C in 5% CO 2 with either 1 mg/mL EGFP PepMix, an equivalent volume of DMSO as a negative control, or a positive control stimulation cocktail containing phorbol 12-myristate 13-acetate (PMA; 0.5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) and ionomycin (1 mg/mL, Sigma-Aldrich, St. Louis, MO, USA). After stimulation, cells were washed in FACS buffer (PBS containing 0.1% BSA and 2 mM EDTA; 500 Â g for 5 min) and incubated with Fc block (1:100, eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) for 10 min at 4 C. Cells were washed in FACS buffer and incubated with surface staining cocktail for 30 min at 4 C (see Table 2 ). Cells were washed in FACS buffer and then incubated in fixation/permeabilization buffer (BD Biosciences, Franklin Lakes, NJ, USA) for 10 min at 4 C. Cells were washed in 1Â permeabilization buffer (BD Biosciences), then incubated with the intracellular staining cocktail for 30 min at 4 C (see Table 2 ). Samples were washed in 1Â permeabilization buffer and then FACS buffer and resuspended in FACS buffer for acquisition. Samples were acquired on an LSR II cytometer (BD Biosciences, Franklin Lakes, NJ, USA) using FACSDiva v7.03 (BD Biosciences, Franklin Lakes, NJ, USA), with the relevant single fluorochrome compensation controls and photon multiplier tube voltages set by daily acquisition of Cytometer Setup and Tracking beads (BD Biosciences, Franklin Lakes, NJ, USA).
FACS Analysis
The transduction efficiency and comparable transgene expression of Ad vectors Ad5-and ChAd-expressing EGFPD and EGFP_C1C2 were confirmed by flow cytometry, exactly as described previously 94 (Figures S1B-S1E). Samples were acquired using an LSR II (BD Biosciences, San Jose, CA, USA) acquiring >20,000 gated events, and analysis was performed using FlowJo v10.4.2 (Tree Star, Ashland, OR, USA). The relative fluorescence intensity (RFI) was calculated by multiplying the percentage of EGFP-positive cells by the geometric mean fluorescence intensity.
For the detection of cellular immune responses by ICS, >24,000 CD4 + and >3,800 CD8 + T cells were acquired on lung lymphocyte test samples, and >360 CD4 + and >160 CD8 + T cells were acquired on BAL test samples. Data were analyzed using FlowJo software to gate on size, singlets, live cells, CD3 + , and then CD4 + or CD8 + , and then assessed for IFN-g, IL-2, and TNF-a secretion (see Figure S5 for gating strategy). Autologous unstimulated (DMSO) responses were subtracted from EGFP-stimulated responses for lung lymphocytes. BAL samples were gated using an identical gating strategy and the mean cytokine frequency of two representative unstimulated (DMSO) BAL samples subtracted from each EGFP-stimulated sample. Lung lymphocytes and BAL PMA/ionomycin-stimulated samples passed a >1% cytokine response positive control threshold. All BAL samples passed negative quality control. Two lung samples did not pass negative quality control and were excluded from the analysis.
Statistical Analyses and Data Analysis Software
Differences between each Ad-vaccinated group (D versus C1C2) were calculated using the non-parametric Mann-Whitney test. For lung and BAL ICS analyses, a Kruskal-Wallis test with Dunn's correction for multiple comparisons was used to compare EGFPD, EGFP_C1C2, and PBS control groups. Statistical significance was determined to be *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001. Data were graphed using GraphPad Prism v8.2.1 (GraphPad, San Diego, CA, USA). Flow cytometry data were analyzed using FlowJo v10.4.2 (Tree Star, Ashland, OR, USA).
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